


~tiC cells transport
space, the plasma membrane, or the endoq'ticJllysosomai sysItem tbtOUll:h
functionally distinct, membrane-bound compartments, indudiDg eodo.l~Ia..1c
redculum. (ER), Golgi apparatus, and vesicular transport intermediates. Thi is the
secretory membrane system (Fig. 21-1), which allows eukaryotic cells to perform three
major functions: (1) distribute proteins and lipids ynthesized in the ER to the cell
surface and other cellular sites, (2) modify and/or store protein and lipid molecule
after their export from the ER, and (3) generate and maintain the unique identity and
function of the ER, Golgi apparatus, and plasma membrane. Thi chapter describes
how the secretory membrane system i organized and operate to fulfill these func
tion . It also prOVides a detailed deSCription of the Golgi apparatu whose conserved
feature are central for the operation of the secretory membrane ystem.

Overview of the Secretory Membrane System

The ecretory membrane y tem uses membrane-endo ed tran port carrier to move
thou ands of diver e macromolecule -including proteins, proteoglycan , and glyco
protein -efficiently and preci ely among different membrane-bound compartments
(Le., the ER, Golgi apparatus, and plasma membrane). Within the large cytoplasmic
volume of the eukaryotic cell (up to 1<>3 times that of the volume of a prokaryotic cell),
thi i essential for coordinating cellular needs in respon e to the constantly changing
environment and organismal physiology.

Newly synthesized transmembrane and lumenal proteins transported through the
ecretory sy tern are called cargo. The e include lumenal proteins destined to be
tored within a compartment or secreted to the cell exterior, a well as transmembrane

protein that are retained in a particular compartment (e.g., Golgi processing enzyme)
delivered to the plasma membrane, or recycled among compartments (e.g., transport
machinery). Tran fer of cargo molecules through the ecretory y tern begins with
their cotranslational insertion into or across the ER bilayer (see Fig. 20-7). The cargo
molecules are next folded and assembled into form that can be sorted and concen-
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Rgur. 21-1 OVERVIEW OF nlE SECRETORV MEM8ltAHE SYSTEM. The

three principal organelles of the secretory pathway-the ER, Goigi
apparatus, and plasma membrane---eommunicate with one another
and the cell exterior by way of transport carners. The carriers (either
smalt vesicles or larger vesicle-tubule elements) move along cyto
skeletal elements (red lines) to transfer newly synthesized proteins,
called cargo. from the ER to the Golgl. and from the Golgi to the
plasma membrane (Of to the endosome/lysosomal system). Carrl·
ers form from the ER at specialized regions. called ER export
domains, producing pre-Goigi structures called vesicular tubular
carriers (VTes) that move to the Goigi. Retrograde transport carriers
bud off from the VTC or Golgl apparatus to retrieve proteins and
lipids back to the ER for repeated use and 10 balance the antero
grade now of membrane to the plasma membrane. The lumenal
spaces enclosed by the carriers and organelles of the secretory
membrane system are all topologically equivalent to the outside of
the cell.

trated within mcmbrane·bound transport intermedi:t1es
(callcd vesicular tubular carriers [VICs]) destined
for thc Golgi apparatus. Once packaged into and trans
ported by such a carrier, cargo enters tbe Golgi appara
tus, which serves as the central processing and sorting
station in the secretory membrane system. Within the
Golgi appar.ltus, numerous enzymcs modify the cargo
molecules by t.rimming or elongating the cargo's glycan
side chains or cleaVing its polypept'ides. Processed cargo
is then sorted into membrane-bound carriers that bud
out from the Galgi apparalus and move to the plasma
membrane, to the endosome/lysosomal system, or back

to the ER. In specialized cell types, the Goigi apparatus
can sort certain classes of cargo iOlo secretory granules
(for slOrage and laler release to the cell exterior in
response 10 specific slimuli) or give rise to transpon
carriers that larget to different polarized plasma memo
brJne domains.

Membmne-enclosed carriers mediate transpon
wilhin the secretory membrane systcm (fig. 21-2). Car·
riers arc shaped as tubules, vesicles, or larger structures.
The carriers are too large to diffuse freclyin the crowded
cytoplasm but are tmnsported over long distances along
microtubulcs or actin filaments by molecular motor pro
teins. Each carrier selects cert;lin types of cargo before
budding from a donor compartmenl and fuses only with
an appropriate target membrane. Molecular markcrs on
the cytoplasmic surface of the carrier, as well as on the
acceptor membrane, steer the carrier through lhe C)'to
plasm and ensure that it fuses only with the corred
target compartmt:nt. The Ctrricrs continuously shutllr
among ER, Golgi appamtus. and plasma membranes.
enabling cargo to be distributed to its appropriate t3rget

organelle.
Sorting of cargo into tl"'Jnsport carriers is facilitated

by the presence of specialized lipids in the donor
organelle membranc (such as sphingomyelin, gly<.'O
sphingolipids, and phosphoinositides in the Golgi
apparatlls) and by the recruitment of protein-based
sorting and tr.msport machinery (e.g., COat proteins
and tethering/fusion factors). Together, the specialized
lipids and protein-sorting machinery generate memo
brane microdomains thaI concelllrate or exclude cargo.
The domajns thcn pinch off the membrallc bila}"cr
as membr.me-enclosed carriers and travel to targel
membrancs.

Figure 21-2 CARRIER TRANSPORT. Membrane-enclosed carriers
(shaped as vesicles. tubules. or veslcle·tubule elements) bud off
from a donor compartment after packaging bOlh lumenal and
transmembrane cargo proteins. Carriers are moved through the
cytoplasm along cytoskelelal elements (e.g.. mlcrotubules in mam
mallan cells) by motor proteins until they fuse With a target compart·
ment. During this process. the relative topology of the Iiplds al'ld
transmembrane proteins Is maintained.



During tr:msport of a carrier, the relative orientation
(called topology) of lipid and protein in the membrane
biu~·er. eStablished during synthesis in the ER, is main
uined (Fig. 21-2). Hence::. one side of the membrane
tlw;lrs faces the cytoplasm. The other .!loide initiall}T
bets the lumen of the ER. This side remains inside each
membr.ane compartment along the secretory pathway
bID is exposed on the cell surface if the carricr fuses
"ith the plasma membrane. Selection of proteins and
lipids b}' a arrier, budding of the carrier, and subse
quent fusion of the C"drrier with an acceptor compart
mmt all also occur without leakage of contents from
thr artier or the donor 2nd target compartments.

'l"k flow of ClrgO and lipid forward through the
'ltCttt0f}- system toward the pla.!loma membrane (antero
p-ade traffic) is balanced by ~Iecti\'e recrograde
InfIic of argo and lipids back tOw:lrd the ER (Fig.
lH). Relrogr:tde traffic aJJows proteins and lipidS
unoh-ed in membrane transport and fusion to be
rttne\-ed for repeated use. Retrograde traffic also returns
proteins that ha,·c be..-en inad"enently ClJ"ried forward
through the secretory srstem so they can bc= redif'Ccted
to dlcir proper destination. Both anterograde and retra
p* 6o.....s of membrane within the St."Cretory system
ttt nn::essaf)' for the ER. Goigi appar-drus. and plasma
~e to gener-dte and maintain their distinct func
~ and morphologic idCllIities.

a.vantages of the Secretory
lembrane System

~secretorymembrdne system. found in all eukaryotic
cells. oITel'll numerous advantages over the simpler
)('Cl'('tory process in prokaryotic cells, which im'olves
Lrutenion of newly synthcsizcd proteins directly into or
acrosslhc plasma mcmbr-dnc. First, sYlllhesiz.ing, folding,
and processing mcmbr:lne and secretory proteins within
llieries of distinct compartmentS provides ;l protective
environment for cells to modify proteins before they are
o:posed on the cell surface. Ncwly synthesized pro·
Icins within lhe ER, for examplc. can fold Into complex
~pes and assemble into nlllltisubunlt complexes.
"ithin the Golgl apparatus, the cargo molecules can be
further modified by glycan processing and proteolytic
OO\Olgc. The resulting repertoire of protein structures
Ilut art expre.!losed at the cell surface is significantly
brger and C'dpable of performing more diverse func·
Iifm!, than that found in prokaryotcs.

Asecond adV:tntage is lhe capacity of the secretory
armbnne system to regulate protein secretion and
",,,,,~'on at the cdl surface. Eukaryotic cells can store
proteins in mcmbrdne compartments before releasing
them at the cell surfdce in response to internal or exter·
fI;;I./~. By exploiting these capabilities. cukaf)'otic
ttIb tuYe n'oh-ed elaborate ""3)'s to control the types of
proleins located on or secrete<! from the cell surf:tct'.

A third advalllage relatc~ 10 the diffcrellliation of tbe
plasma membr.me. Prokaryotic cells synthesize their
proteins at the plasma membrane, so they must keep this
surface enriched in loosely packcd glycerophospholip
ids that are pliable enough that ncwly synthesized
proteins C-"3n enter into and fold in a hydrophobic envi
ronment. Con:.equentJy, prokaryotic cells secrete a rigid
cdl wall as a protccth'c barrier to the outside. In eukary·
Ote.!>, concelllrating protein .!lornthcsb in the ER frees the
plasma membrane to bc=come enriched in lipids such as
cholesterol and sphingolipids that can arrange into
highly ordered. flexible arrays. The ordered, flexible
arrays of chole.!loterol and sphingolipids in the plasma
membrane provide mechanical stability and an imper·
meable barricr to water·soluble molecules. As a conse
quence, cukarrotic cdls do not require a cell wall to
survh'e (although ~mc eukarrotes, such as plant and
fungal cells. make cdl walls) and can employ their plasma
membrane in a wide range of functions, such as mem
branc protrusion for engulfing large e:xtracellularobjects
(see Chapter 22) and (or crawling (see Chapter 38).

Building and Maintaining the
Secretory Membrane System

Effective operation of U1C St."'Cretory membrane system
depends on several feal ures. The system must generate
and maintain the specialized character ofeach secretory
compartment (including lhe different lipid and protein
environments of the ER, Goigi appar,ttus, and plasma
membrdne) in the face of continual exchange of protein
and lipid componel1t:.!lo. Cargo must be concentraled
selectively in or excludcd from each tr:msport carrier.
Each carrier mU.!lot be directed along a specific route and
fuse only with an appropriate t:lrget mcmbranc.

1\vo mechanisms, described in more detail in the
follOWing sections, play important roles in accomplish·
ing these tasks. First, a lipid·b:lscd sorting mechanism
lIses the inherent capaCity of lipids to self-organize into
different domains to create a gr:adient of phospholipid
composition across the secretory pathway. On the basis
of the length of their trdnsmembrane segments, trans
membrane proteins partition into particular membranes
that differ in the thickness of the lipid bilayer. Second.
protein·based sorting machincry gencrates transport
carriers C".tpable ofconccntr-dting specific cargo proteins
and targeting to appropriate acceptor membranes,
where they fuse and deliver thcir cargo.

Protein Sorting by the Upld
Gradient across the Secretory
Membrane System

A consened feature of the St."Cretory membrane srstem
is the differential distribution of '"3rious classes of lipids
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AJur. 21-3 PROPERnn OF LIPIDS WITHIN MEMBRANES. A-B, Cartoon depletion of an artificial bilayer containing a POPe/cholesterol m!~Me
of 2:1 (A) and a POPe/cholesterol/sphingomyelin mixture of 2:1:1 (POpe• .1-palmltoyl·2-oleoyl·sn-glycero·3·phosphocholinej (8). The OIue
spherical spots In part 8 Bre cholesterol· and sphingomyelin-enriched domains that have segregated from pope because of the al~l\It~

between sphingomyelin and cholesterol. C, A bilayer enriched In cholesterol al'ld sphingomyelin has a greater thickness than a bilayer com
posed mainly of gtycerophosphollpkls. owing to the long saturated hyOrocarbon chains of glycosphingolipids that attract proteins WIth~
transmembfane domains. D. Gl)'cerophospholipld-eontalnlng membnlnes .... Ith high concentrations of cholesterol have a greater trueJu'lKs
than those With low concentrations, OWIng to a tightef alignment 01 the hydrocarbon chams. Scale bar is 5 j.lm.

along the pathway. These classes of lipids include gJ)'c
erophospholipids (phosphogl)"cerides). sphingolip
ids (e.g., sphingomyelin and gl)"cosphingolipids), and
cholesterol (see Figs. 7·4 and 20-13). These lipids play
a major role in the sorting of proteins within the secre·
lory membr.me system because of their immiscibility
(i.e., the property of not mixing) in membranes with
different lipid compoSitions. By nOI mixing with some
lipids while mixing wilh others, these lipid classes form
lalcrallipid assc:mblies, lermed mfcrot/omaills, thai can
concentrate or exclude specific membrane proteins.

Studies using artifidal membranes han: demonstraled
how Lipid immiscibilil)' allows a continuous lipid bilayer
10 sclf-organize inlO distinct lipid domains with unique
lipid compositions and biophysical properties. A prime
example is an artifici:t.l bilayer conlaining glrcerophos
pholipids and cholesterol to which sphingolipid is
added; after sphingolipid is added, the cholesterol and
glyccrophospholipids parthion into distinct domains
(Fig. 21-3A-B). Because of V;1n der Waals atlmction
between Ihe sphingolipid's long, saturated hydrocarbon
chain and choksterol's rigid, flat·cylindrical sleroid
backbone, the cholesterol and sphingolipids associatc
in the plane of the membrane, whereas glycerophospho
lipids, which ha\'e unsaturated, kinked hydrocarbon
chains with much less affinity for cholesterol. are largel)'
excluded from the cholesteroVsphingolipid domains.
The domains enriched in cholesterol/sphingolipid are
thicker than the surrounding membrane composed of
shorter. unsalurated, kinked glycerophospholipids (Fig.
21-3C). Tension on the bilayer (i.e., from binding of
proteins that bend or curve the membrane) enhances
thc tcndency of lipids that havc different physical prop
erties to separ:tte into distinct phases.

I.n addition to prompting separation of sphingolipids
from glyccrophospholipids, choleMcrol can affcct a
bilayer composed of glycerophospholipids alonc (Fig.
21-30). In Ihis case. tbe cholesterol fills the space
between the floppy hydrocarbon chains ofglyce.rophos-

pholipids in the bilayer. This forces the glycerophospho
Lipids into a tightcr alignment and increases the dist2rlCt
between their head groups. As a result, the bil;,tjtt
becomes thicker, resembling the thickness of bil:l.rm
enriched in sphingomyelin alone or sphingomyelin pIllS
cholesterol.

Sphingolipids (e.g.. glycosphingolipids and sphingo
myelin) arc synthesized in the Golgi apparatus, whik
the ER produces cholesterol and glyccrophospholipids.
SynthesiS of these lipidS at two different Sites, combined
with the self-organizing capacit)' of sphingolipids. ch0
lesterol, and glycerophospholipids, gives rise toa pattern
of lipid circulation within the secretory system tlul
plays imporu.nt roles in membrane sorting (Fig. 21-4A).
Newly symhe.sizt:d cholesterol is continu:t.lly femo\"td
from the ER and redistributed to the Goigi apparatus.
where high affinity interactions with sphingolipid!.
prevent it from returning to the ER. The association of
cholesterol with sphingolipids in the Goigi apparatus.
in turn, triggers the lateral differentiation of domains
enriched in these lipids. Through the additional acti"it)"
of protein·based SOrting and t'fafflcking machine!")',
these domains bud off the Golgi appa.ratus lind mo\c to
the plasma membrane, redistributing sphingolipids lind
cholesterol to the ceU surface_

The forward flow of cholesterol, sphingolipids, 2nd
gl)'cerophospholipids toward the plasmll membrane IS
balanced by selectil-e retrograde now. Glyccrophospho
lipidS transferred from the ER to the Golgi apparatus
are recycled back to the ER. Similarly, sphingolipilb
delil'ered to the plasma membrane from tbe Golgi appa
ratus arc returned 10 the Golgi apparatus. Cholesterol,
in contrast, is not returned through these retrogr:tdc
pathways to either the ER or the Golgi apparatus but
enters and circul:ltes within the endocytic pathwa)'
leading to I)'sosomes. This pallern of lipid circulation
creates a grJdient of cholesterol. sphingolipids. ;,too
glycerophospholipids across the secretor}' membnnt
system_ Within this gradient. the ER has a low con«n-
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F1.... '.21-4 "LIPID ORAOIENT ARISES ACROSS THE SECAnORY PATHWAY AS A RESULT OF THE SELF-oRGANIZING PROPE.mES OF GlTCEROPHOSPMOUPlOS,

SPlillIGOUPlDS, AJlO CHOl£STEIlOl ,ulO THEIR DIFFERENTIAl SITES Of SYNTHESIS. The gradIent helps to son and lransport proteins to different
SItes withIn the secretory system. A. Upid circulation and sorting ....Ithin the secretory membrane system. GlycerophospOolipids IGPU and
cholesterol (sterol) are syntheSIZed In the ER, Whereas sphingolipids (SL). including sphingomyelin and glyco!>phlngolipids, are synthesiZed
in the Golgl apparatus. Cholesterol that moves to the Goigi from the ER associates With SL and is carried to the plasma membrane. This
I/'<'eS rise to different concentrations of these lipids in these organelles at steady state and results In lipid environments in the ER allCl
plasma membrane that are compatible WIth their functions (e.g., protein translocation for the ER allCl low permeability for the plasma
membrane), 8-D, Sorting of lIansmembrane proteins based on the length of their transmembrane domains. The distinct lipid compositions
of the ER. GoIgi apparatus. and plasma membrane result In bilayers that differ In thickness (With the ER bilayer depleted of SL/sterols and
1tMn. the plasma membrane b.layer enriched In SL/sterols and mlck. and the Golgi bilayer mtermedlate In Sl/sterol cootent and havlflg
mixed thickness). To avoid hydrophobic mismatCh. transmembrane proteins move to the organelle whose bilayer thickness best matches
that of the prolein'S transmembrane domain lengm.

lration of cholesterol (e.g., sterols) and sphingolipids,
the Golgi appar.lIus has an intermediate concentration,
md the plasma membrane has a high concentration
(Fig.21-4A).

The lipid gradient serves two important functions.
First, it generates different lipid environmems in the ER,
Golgl apparatus, and plasma membrane compatible with
their distinct functions.. The low concentration ofsterols
3nd sphingolipids in the ER membrane means that it
is composed primarily of glycerophosphollpids (i.e.,
phosphatidylcholine, PC; phosphatidylserine, PS; and
phosphatidylethanolaminc, PE). The loosely packed acyl
chains of PC. PS, and PE are readily deformable. permit·
ting newly synthesized membrane proteins to insen into
and fold in the ER bilayer. This fealUre explains why the
ER is used as the sole site of cotranslational protein syn
lhesis in the cell. By contrast, the higb concentration of
sterols and sphingolipids makes the plasma membrane
bilayer thicker and less permeable to small molecules.
This allows the plasma membrane to form a flexible but
impermeable barrier between the cytoplasm and cell
aterior. The intc.rmedi:lle concentration of sterols and
spltingolipids in the Goigi appar,lIus allows it to serve as
3 membrane-sorting station.

A second function of the lipid gradiem is to promote
sorting oftrAnsmc.mbr,l.ne proteins within the secretory
sYStem_ Each integral membrane protein seeks a lipid
bilayer with a thickness thaI matches the lengths of
its trAnsmembrane segments (Fig. 21.4B-0). Because
most transmembrane segmentS are stiff hydrophobic n
helices, it is energetically unfavorable to expose hydro-

phobic residues of:1 transmembrane polypeptide to the
aqueous environment oflhe cytoplasm or vesicle lumen
or 10 bury hydrophilic amino acids with the lipid acyl
chains in the interior of the membrane. To avoid such
hydrophobiC mismatches. integral membrane proteins
of the secretory system have e\'olved with transmem
brane segments that arc matched to the thickness of
their target membrane1lo. Hence, rel>ident membrane pro
teins in the ER and Golgi apparatus typically have
shorter transmembrane segments (around 15 amino
acids) than do resident plasma membrane proteins
(approximately 20 to 25 amino acids). Retention and/or
transport of these proleins occurs because the lipid
bilaycrs of carriers budding out from either the ER
(toward the Golgi apparatus) or the Golgi apparatus
(toward the plasma membrane) are thicker than the
bilayers of the donor organelles. Only transmembrane
proteins with transmembrane segments long enough to
span this thickness enter such carriers.

If the transmembrane segment of a plasma memo
brane protein is shonened experimentall}' by using
recombinant DNA techniques, the new protein is
retained in the thinner bilayers of the ER and/or Golgi
apparatus rather than moving on to the thicker plasma
membrane. Simila.rlr, when the transmembrane segment
of a Golgi protein is extended, the protein is no longer
retained in the Golgi apparatus but is transported to the
plasma membrane.

This lipid-based protein sorting mechanism takes
advantage of the lipid gradient established by the
self-organizing properties of glyc.:erophospholipids.



cholesterol. and sphingolipids to sort and tr.lIlsport
proteins within the secretory s}·stem. It is not, bowe\·er.
the only mechanism u,St."d by cdls to organize and
transport proteins along the secretory pathway. In addi
tion, a complex prolein-bast:d machiner)' is relied on to
bring far gre:lIer spt:cificity and efficiency to these
processes.

Protein-Based Machinery
for Protein Sorting and
Transport within the Secretory
Membrane System

Sorting and transporting proteins within the secretory
membrane system depend on sever.t1 types of proteins
(Fig. 21-5): Specialized ~coats~ help to generate bOlh
small and large transport carriers and sort proteins into
them; mOlor proteins move carriers along the cytoskel
eton; ~tethering factors~ allach carriers to the C)'toskel
eton and to their dcstination organdies prior to fusion;
and fusion proteins mediate fusion of the carrier with
an acceptor membrane. These components also associ
ate wilh specific organelles. providing organelles with
an identity that is both unique and dynamic. Mall}' of
the components are peripheraJ membrane proteins that

A. Small carriertra~ _ ~- .....

Fl,ur. 21·5 PROTIEIN MACHINIERY FOR SIECRETORY TRANSPORT. Coat
proteins that cluster inlo polymerized arrays help to sort soluble
cargo and transmembrane proteins Into a coated bUd that pinches
off a donor membrane as a coated vesICle (A) or larger vesicular
tubular earners (8). The carriers IllOYe by motor proteins along
either miCrotubules or actin. Tethering factors, Including long coiled
coil proteins or multimerlc tethe1ing compl~s, tether the carriers
to an acceptor membrane. SNARE protelOs on the canier and accep
tor membrane then form a complex that dnves membrane fusion,
leading to delivery of the carrier's content to the acceplor
membrane.

lack tn.nsmembrane domains. so they must be rccruitc=d
to Ihe c)'wplasmic surface of appropriate membranes
by binding to eilher specific lipids, such as phos
phoinositides, or to activated GTPases. Cclls regulate
the distributions of these organelle·specific lipids and
GTPases. When infectious agentS or stressful conditions
disrupt these targeting molecules, secretory membrane
trafficking COln be disorganized and/or inhibited. The
following sections describe the six major protein-based
mechanisms that are used for :.orting, transport. and
fusion in the secretory membrane system_

Art GTPases

The Arf famiJy of GTPm.es includes SarI, Arn·6 and
scn:ral distantly related Arf-like GTPascs. These small
GTPascs mediat.e the :tssociation of ;t wide variet)' of
protein effectors with specific membranes. which. in
turn, leads 10 the differentiation of membrane domains
that give rise to transport carriers and create comp:m·
mental identity.

Like other GTP".lSCS (see Figs. 4-6 and 4-'7). Arfs arc
molecular switches that alternate betw~ a GTP-bound
active form that interacts with effector targets and a
GDP-bound inaclive form that does not (Fig. 21-6).
Acth'e Arf GTP'.lses associate with membranes, where
as inactive GTPascs arc cytoplasmic. Specific GTP

exdl:lOgC factors (GEFs) recruit Arf proteins to par·
ticular membrane surfaces and then catalyze the
e.xchangc of GOP for GTP. When associated with par·
ticular membranes acti\'e Arfs bind their effectors until
a GTPase·activating protein (GAP) induces hydrolysis
of GTP. rc\-ersing membrane association and effector
binding. The distribution of GEFs on particular mem
branes determines the location of specific active Arfs.
Similarly. the location of GAPs determines where each
rype of Arf is inactivated.

Activalion of Arfs by exchange of GOP for GTP
not only creates a binding site for target proteins (i.e.,
effectors) bUI also promotes interaction with the lipid
biJaye:r. A myristorl group covalently bound to the N
terminus of most Arfs a1Jows them to interact transientl~·

and nonspecifically with membranes. \\711eo a specific
Arf-GEF on a membrane Cltalyzes the exchange of GOP
for GTP. an amphipathic (hydrophobic on one side,
hydrophilic on the otht:r) N-terminal, a-helix is released
from a hydrophobic pocket on the: GTPasc so that the
hydrophobic side of the helix can interact with the

bilayer (Fig. 21-60). The membrane-associated GEFs thllt
are responsible for activating Arfs all contain an evolu·
tionarily conserved domain (refcrred to as the Sec
domain). Association of this domain with Arfl-GDP is
stabilized in the presence of the toxic fungal metabolitt
brefddin A (BFA IFig. 21-60». This prevents Ani con
n-rsion 10 its acth'e, GTP-bound state and thereby blocks
Arfl activity. similar 10 that of a GOP-locked Arfl
mutant.
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~Ilr. 21-6 Arf,GTPase cycle. A-C. RIbbon diagrams of Artl-GOP (AI. Arfl-GTP (81, and free Art1 and Art1 bound 10 Its GAP (e).
O. Membrane binding and dissociation of Art1. In the cytoplasm. Art1 eXIsts in Its GOP-bound form with Its N-terminal amphlpathic helb
tucked into a hydt09/'lOblC pocket. An N-terminal mynstoyl group allows Arf1 to reversibly bind to membranes for activation by a GEE The
fllChanae of GOP for GTP indUCi!S a conformational change in sWItch 1 and 2. as well as In the IntefSWltch loop. which displaces the N-Ier
ITW\lII helu: out of Its pockeL This causes Art1-GTP to bind lightly to membranes, since both the hydtophobk:: residues of the N-termioal
helill. and the mynstoyl anchor associate with the bilayer. Artl-GTP then recruits effectors, AsSOCiation of a GAP with the Art1-GTP·effector
complex. stimulates GTP hydrolysis. Arf1-GOP returns to the cytoplasm. and GAP and effector proteins diSSOCiate from the membrane. Note
lhat GOP-bound Art1 has Its N-Iermmal amphlpathk: helix (striped blue and pink) retracted Inlo a hydrophobic pocket and its interswllch
~ (purple) retracted. The N-termlnal myristoyl group (green) Is slill free to associate with membrane, but the binding Is weak, resulting
Il'I reversible binding. On exchange of GOP for GTP, the switch 1 ar'ld 2 domainS move. and the Interswltch loggles out of the hydrophobic
pocket, allowing tighter membrane binding. The drug BFA Interferes with eXchange of GOP for GTP on Arf1 by stabilizing the association
between Arfl-GOP and Its GEF. As a result. Art1 cannot recruit effectors to the membrane, leading to disruption of membrane traffic between
tile ER and GOlgt apparatus.

Arf GTP3ses of the secretory pathw2,'. in panicular
Sui and Arfl. recruit to membranes man)' types of
dfOC\or proteins. These include the coal protein com
plexes of COPU, COPI. and chtthrin/adapt'crs plus
Other effectors such as phospholipid modifiers (e.g..
phospholipase D, a lipid mctabolizing enzyme). phos
phoinositidcs, and c)'toskdctal components, The coat
prmcin complexes assemble into large polymeric struc,
lures (called protein coaLS) at the cytoplasmic surface
of ER. pre-Golgi, and Goigi membranes. from which
Ihe)' sort argo and promote the budding of transpon
carriers. The other Arf effectors play roles in differenti
3ting the membrane environment of th~ C'J.rriers and
mabling them to move to different location3 within the
cd!. The four other mammalian Arf proteins (Arfs 2 to
6) regulate "esicle formation at other locales in the cxo
C)'tic and endocytic p:uhw:lys,

SarI assembles the COPII coat complex that is
im'olved in differentiating ER export domains. which
are the sites from which transport carriers bud out
from the ER. Arfl. by contrast, assembles (he COPI
coat complex that is im-oh·ed in the creation of retro
grade transport carriers Lhat bud from prc·Golgi and
Golgi structures, Arfl also recruits Lhe c1athrin/
:ldapter coat complexes that are involved in budding
of transporl carriers from the Goigi en route to the
endosome/lysosomal system, Disruption of the GTPase
cycles of either Sari or ArfJ has dramatic consequences
for secretory transpon and the organil.:uion of the
secretory pathway (Fig. 21-14). "''ben the GTPase qcles
of SarI or Arfl are disrupted, the Golgi apparatus disas
sembles. and Goigi enzymes return to Ihe ER or to ER
exit sites wilh all secretor)' transport out of the ER
inhibited.
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Fleur. 21-7 COf'lI COAT ASSEM...." 0fI' VlDOPUSMtC RI£TICUlUM MEM8fWr((. A-8, Ribbon diagrams of $ad·GOP WOB file: If6B) and the
Sec23p-24p cornplex WIth Sec24p bound to 5ar1-GTP. C, The bow-tie structure of 5ee23p-5ee24p provkles an ea-tensiYe membrane-interllC·
Uon surface that is concave. POSitively charged, and StJitable fOf curving the bilayer when the StJbcomplex Is bound to a membrane surface.
0, Electron micrograph of a thin section illustrates the fOfmatlon of a typical COPlI vesicle when ER membranes are Incubated In a test
tube with cytosol and ATP. E, SecI2p activates sarI by promoting exchange of GOP for GTP, bringing Sad to the membrane. Sarlp·GTP
then recruits the Sec23p'Sec24p subcomplex, Binding of Secl3p'Sec3Ip to Sec23p'Sec24p clusters these complexes into a coal.
Transmembrane cargo is recruited Into the coat by binding to Sec24p. Coat complexes dissociate from the lattice after sarI-GTP converts
to sarI·GOP and releases into the cytosol. As long as coat oIi&omerization occurs faster than sarl·dependent coat complex release. the
lattICe IfO'Ns into a coated bud that can pinch off the membrane as a coated vesicle. Coal disassembly on the coated vesicle results Irom
contlnued $ar1.-dependent coat eompleJr. release In the absence of further coat complex addition due to Sec12 not being padulged Into
the coated ve5lCle membrane. F, Three-dimensional reconstruction of COPlI cage at 3O-A resolution USing cryoelectron rnter05COP)'

and single-particle analysis. (C, Adapted from Bickford lC, Mossessova E, Goldberg J: A structural VIeW of the COPII vesICle coat. Curr
Opln Struct Bioi 14:147-153. 2004. WIth permission Irom Elsevier. D. Courtesy of W. Balch, SCripps Research Institute, La Jolla. California.
F. Adapted by permIssion from Macmillan Publishers Ltd. from Stagg SM. Gur1tan C. Fowler OM, 81 81: Structure of the Sec13/31 COPII
cage. Nature 439:234-238, 2006. Copyright 2006.)

The COP" Coat

The COPO coal complex (Fig. 21-7) is essemial for
.sorting and trafficking secretory cargo out of the ER. It
consists of SariI' GTPasc, the Sec23p·Scc24p subcom
pie", and the Sccl3p.sec3lp subcomplex. These com
ponents self·assemble into a polymeric, two-dirnensionaJ
.scaffold (called a coat) that then collects specific types

of cargo. The intrinsic cun'3lure of the coat promoto:
the fonnation of membrane buds Ihat are apable of
pinching o[f the membrane as coal(:<1 \·esicles.

COPU coalS assemble by a sequential process (Fig.
21-7E). A GEF called Secl2p recruits S:lrlp-GOP from
the cytoplasm 10 the ER membrane and activates it by
exchanging GOP for GTP. Activated Sarlp-GTP then
recruits the two COPU subcomplcxa: Sec23p-Sc:c24p,
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a conlinuous Ilux of coal unils through the lall~

whether or not a coaled \'csicle detacbes from the mem
brane. This drnamic behavior of coal units allows for
several outcomes (Fig. 21-IOA-C)_ The lattice caD grow.
disassemble (after budding off Ihe membrane as:l: C02lrd
vesicle), or persist as a coated bud. In the latter cast,

C. Persistence ~
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lattice of coalomer and Arf-GAPI. This Icads to coot
disassembl)'.

A consequence of these dynamic events is thai COPI
units move into the lattice from Ihe rims and are released
from Ihe imerior after Arft hydrolyzes its GTP, parallel
ing events occurring in the COPII coat. This results in

B. COP. veside tonnatton
~Arll.

~~1'.... G.~TP._---'~.

A. Coatorner complex

FIlii'" 21.10 POTll'fT\Al.. ,,,ru OF COAT COMPl.£XES ON MlMaRAIrIES. A. When bindlna of coat units is faster than release. the coat grows arcl
forms a coated vesicle. B. After a coated veSICle forms, coat binding becomes slower than release (O\IIlnglo GEF not being incorporated
into the coaled bud). and the coat disassembles. C, When coat units bind at the same rate as they release. then the coal IS metastable
(it neither shrinks nor grows but Imparts curvature to the membrane). B)I increasing curvature in the membrane. metastable coats Il"ICl"ease

membrane tensIOn. which can cause npld partitioning. D. Cartoon diagram of the distnbUtlon of COPII and COpl coats on ER export domalns

and VTCs. COPII coats are restricted to ER membranes. where they recruit cargo Into the ER ellport domain. COpl coats are present on
the vesiCUlar/tubular elements of the ER export domain. VTC and Gotgl apparatus. where theY orchestrate retrieval of proteinS badllD
the ER.

FI,-.r. 21·1 COP! COAT ASSEM8lY 0tI MEMBJWriES_ A, DePICtion of COpl subUnits WIthin the coalomer complex. B, ActlVatlon of Atfl to~
GTP-bound form by the See7 domam of Arf1·speclfic GEFs results in the coupled recrultlnent of cargo. veside' tethenng factors, and fUSoO'I
factors through binding of the cytoplasmic coatomer complell. low-affimty InteractIOnS among Mi, C08tomer. and GAP cause them to
polymenze Into a coal that bends the patch of membrane to which they are assoaated. The increased curvature actIvates the GAP thIl
stimulates Arf1 to hydrolyze GTP triggering Its release from the membrane. After Ml Is released, coatomer and GAP are destabWred and
dissociate from the coat. The continuous cycle of coatomer bindIng, potymenzatlOfl. and dissociation mediated by Artl GTPsse actl-.. l'
leads to the formation of a coated bud that can pmch off the membrane as a coated vesicle or remain as a meta·stable coated bud ltIIt
imparts curvature and tension to the membrane.



the r.lte of addition of coat units to the bud is (.'qual to
the r:I.lC of unit loss. These beha\'iors of the coat lattice
ph)' K{:y roles in orchestrating the protein SOrting and
morphologic C\'CnlS that occur at ER export domains to
illo\\ for vrc fommion (Fig. 21-100).

Incorporation of recrcling proteins into COPI coated
buds requires :l specific sorting motif. Generally. this is
I dilrsine motif in a sequence of Lrs-Lys-x-x-COOH
(KKxx), where x is any amino acid. l'wo arginine
~ues substitute for the 1)'Sines in some proteins.
Dilysine motifs are gener.dly found at the cytoplasmic
Gterminus of transmembrane proteins. They function
in retrieval and possibly in retention of proteins within
post·ER compartments by inter-dcting with specific sub
units of the COPI complex.

Rab GTPases

The R:lb family of GTPases arc the molecular switches
th:u control the protein-protein interactions betwt=cn
lJ'2nsport carriers and docking complexes on target
mmlbranes (Fig. 2 H I). These complexes recruit motor
proteins lhat transport carriers on actin filaments or
microtubulrs and then tether carrier \·es.icles to an
organelle prior to fusion. Mammals express about -0
different R2b proteins 10 provide specificily at numer-

"",,.11·11 Rab GTPase cycle. Rab GTPases In theIr GOP-boond
Iorm are complexe<l with GOI in the cytoplasm. Followmg delrvery to
IIle membrane Invo/vlng inleractions With a GTPase dISSOCiation
factor. they are actJvated by a membrane-associated. Rab-specific
GEF.ln the GTp·boond form. they recruit effectors, such as tethering
!actor complexes (TFCs). which aid in targeung and docking the

vesICle. Rab-GTP is returned to the GOP-bound form by a GAP.
wherein ~ binds agaIn to GOI. Insets show ribbon diagrams of Rab·
GTPalKl GOl (POB files: 3RAB an(l10SD. PI. Inorganic phosphate.

ous tr.msport steps in the secretory membr.me systems
of various cell types.

Rab proteins are posttranslationallr modified br tWO
geranylgeranyl Lipids on conSCl'\'cd cystdne residues at
their C-termini. This modific:uion is essential for func·
tion and fuciJitares Rab association with the membrane
bilayer_ The C)'steines are included in a variable segment
of 30 amino adds that targets each Rab to its correct
subcellular location.

Rab proteins cycle octween the cytoplasm, where
lher are found in the GOP-bound form. and membranes,
where they contain bound GTP (Fig. 2).11). In the
cytoplasm, Rabs are complexed with a carrier protein
called a gua.nine nucleotide dissociation inhibitor
(GOI), which prevents exchange of GOP to GTP.
GDI also sequesters the hydrophobic geranylgcrallyl
groups. Proteins called GDI displ:lcemem factors
facilitate Rab recruitmem to membranes by displac
ing GO!.

R"b·spccific GEFs activate and recruit Rabs to form
carrier vcsicles. Rab-GTP then recruits the targcting and
docking componcnts to be used subsequently to recog
nize the target membrane and initiate bilarer fusion.
Following fusion_ a Rab-spt."Cific GAP stimulates GTP
hydrolYSiS, req-c1ing Rab-GOP back to the cytoplasm
through binding to GO!. Using this GTPase cycle, Rab
proteins regulate the timing of the assembly and disas
sembly of diverse multiprotein complexes im-oh'ed in
the traffick.ing of transport containens.

Tethering Factors

Tethering factors are rod-shaped prOteins that extend
about 15 nm from membr-d.nes into the cytoplasm (Fig.
21-11). They tether membr::lOe carriens fO target organ
elles prior to fusion and play strueturdl roles as
components of a Golgi m:ltrix or scaffold for the
assembly of other f:tcLQrs important lor fusion and/or
cargo sorting. HeterogencOliS in sequence and Struc
ture, tethering factors can be divided into two general
classes:

Coiled-eoilcd tethering faClOrs interact exclusively
with active Rabs and function 2S Rab effectors. For
example, me tethering factor pl15IUsolp func
tions in ER-Golgi transport_ II is a homodimer with
a long tail consisting of a coiled-eoil of parallel n
helices and two globular heads at the C-tenninus.
reminiscent of m)"osin II (see Hg. 36-1). An internal
hinge-like region in the tail collapses once the
tether brings the membrane-enclosed carrier close
to an acceptor membrane.

Multisubunit tethering factors, such as TRAPI/II.
the exocyst. and COG, bind to in:lcti,'e Rabs and
p:lrticipate in their actiV'dtion (functioning as
GEFs). The TRAPP I (tr-d.nsport protein particle)
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complex contains seven subunits, whereas the
COG (conserved oligomeric Golgi) complex con·
lains eight subunits. Recent struclurdl studies sug
gcsi thai the mechanism for TRAPP association
with membrdnes involves a membr:me-interacting
surface thaI is flat, wide, and decor-ned wirn posi·
(h'cl)' charged residues. Cells th:u are defective in
COG function exhibit pleiOtropic defects in '"irtu
all}' all N-linked. a·linked and lipid-linked conju
gates, suggesting that the COG complex regulates
gl}'cosrlalion re'..ction~ in the Goigi in addition 10
interacting with Rabs.

SNAP Receptor Components

The SNAP receptor (SNARE) ramll)' of proteins partici
pales in the fusion of c,lrriers with their appropriate
acceptor compartment (Fig. 21-12). Most SNAREs are

NSF-SNAP

""!"'
A. Priming..

o-SNARE

Q.SNARE----------'1~

E. SNARE fusion details

tr.ansmcmbr.me proteins with their functional N-ttr·
minaJ domains in the cyloplasm and their C·temuni
anchored to the bilarer. Each contains 3 heplad repot
(i.e., -SNARE motir) of 60 10 -0 amino 3cids that an
form a coiled-.eoil. Multiple S AREs a.ssernble a SNARE
complex consisting of a bundle of a-helices. Membm
of the SNARE protein f3mily were origin;1l1y grouped
according to whether they were "-S AREs or t-SNARf.s.
referring to whelher they conferred function to Ihr
vesicle (v·SNARE) or t3rgct (t-SNARE) compartmml.
For example. synaptobrc,'jn is 3 ,-·SNARE found on 5\""0

aptic vesicles involved in neurotr.msmission (see Fig
11-9). whereas S}'ntaxin I is a I-SNARE found on presrn·
aptic densities 10 which srnaptic vesicles fuse to uiggtt
neurotransmitter rde:lse.

The formation of a SNARE complex occurs by thr
pairing of cognate v- and t-SNAREs. This generates a
four-helix bundle with one a-helix contributed by all('

FlCwre 21.-12 G.£NERIC SMAP RlCIEPtOfl TAftG£nNlO MD DOCIUNG MACH'NUIT. A. Tethering faetofS and SNAP receptOl'" (SNARE) protelOS form
CiS-SNARE complexes dUring carner formation. The Jower lefl inser shows a ribbon diagram of a SNARE complex of a synaptic: veSiCle
In neurotransmitter release involvine R-$NARE (synaptobrevin. ~ue) and Q-SNARE (syntaxln. red) and SNAP25 (green, SNARE. IPDB
file:1SfC.) B-e. Interaction of a vesicle WIth fts target membrane throUgh (ethers results in the formation of mms-SNARE pall'S~
extensive coiled-eolled regions of the interacting SNARE proteins. The middle Inset shows the trans-SNARE pair. The upper right plIMIl5l
ribbon diagram looking dO'NT'I the coiled-coli. Rtustratlng the c:rit.ical Arg (arglntne) residue of R-SNAREs that stabilizes interacttorl ..M 1\11
tamlnes (Gins) of Q-SNAREs fermine the four-hellX bundle in a SNARE complex, O. Following [fans-SNARE pairing. hydrolysis of GTP boInl
to Rab (not shown) leads to vesicle fusion. ThiS results in the Incorporation of the trans·SNARE pair into the bilayer of the target mernbrant.
where it and tethering complexes are disassembled for reuse. E, Overview of SNARE·mediated IUSlon, (Top r/illl Inset. Adapted from Oss.c
R, Schlmtt HD. de Groot B. et al: Exocytosls requires asymmetry In the cen[fallayer of the SNARE complex. EMBO J 22;6000---6010. 2000
by permission of Oxford Unlversfty Prass.)



~'{AR£ and the other lh.ree a-helices contributed by an
olJgOOJerizcd t-SNARE. The four-helix bundle of SNAREs
de'(Knds on inter..ctions of an arginine from one helix
with g1utamines from three other helices. 1l1is require
ment has led to :In altem:ul\'e classification of these
proteins as either R-SNAREs or Q-SNAREs, ba:.ed on the
preM'nce of these crit ical arginine (R) or glutaminc (Q)
~Idues.

The \'·SNAREs and {-SNAREs in separdtc membrancs
can pair to form a trails-SNARE complex, or ,,·SNAREs
100 t-SNAREs in the same membr:me can pair to form
3 ('is·SNARE complex. Assembly of a tra"s-SNARE
complex. also called the ·SNAREpin," is thought to
supply the free energy needL"<! to bring two membrdnes
close enough to fuse. This is similar to the operation of
I'iral fusion proteins.

Fusion of a carrier with a t:lfget membf'J.ne trans
forms a tmlls·SNAIl Ecomplc,;: into a cis-SNAil Ecomplex
on thl: LTloplasmic face of the fused membrane. Follow
ing completion of fusion, the cis-SNARE complex is dis
35SCmbled by a ubiqUitous AAA ATPase (see Box 36-1)
aIled NSF (for N-ethyl male-imide {NEM)-s.ensitivc
factor). The sulfhydryl alkyl:ning reagent NEM inacti·
\"t~ NSF and pre\'cnts all carrier transport in the cell.
~~p proteins recruit NSF to the membrane. NSF uses
the energy from ATP hydrolysis to dissoci:nc the cis·
Sl.;'ARE complex and recycles the SNAREs for another
round of membrane fusion.

~Iost SNARE proteins are anchored to membranes by
3 transmembrane segment that inserts into ER mem
branes after translation (i.e.. they are tail-anchored pro
tam; see Chapter 20). Thus. SNARES must Ir.I\-eniC the
!l«rt1ory pathway to J"C:J.ch specific organelles. but little
IS known about the mechanism they use. The length of
their transmembrane domains and their C"J.p:lcity to
tnt(:ract with protein coats are likely to be important.
for example, SNAREs inl'oll'cd In ER to Golgi tr:msport
3rt packaged into COPII coats at ER export sites for
delivery to the Golgi apparatus, where thcy mediate
homotypic fusion (i.e.. fusion of two likc transport con
WOCf'S thai have identical cis-SNARE pairs) among
incoming carriers as well as heterotypic fusion (Le.,
fusion of tWO distinct membrane structures that have
diffeTt'n1 cis-SNARE pairs) of these carriers with
ItK' Golgi membrane. The SNAREs arc then packaged
tnto CDI'I coats for retricval to the ER. This allows
them to function repeatedly in ER-to-Golgi apparafus
tr:lllSport.

P:trticular v-SNARE and t-SNARE complexes help to
m~ure the specificity of fusion at different steps along
thr secretory membrane pathway. SNAREs do not work
3Ione in membrane fusion. Tcthering factors assembled
,mh the aid of Rab GTPascs link speci1ic apposing mem
branes prior to SNARE complex formation. Thus.
~:\AREs. tethers. and Rabs work together to ensure that

membranes fuse at the correct time and place within
the secretor') system.

Secretory Transport from the
Endoplasmic Reticulum to the
Golgi Apparatus

Tr:msport of ne"'''r srnthesized proteins out of the ER
takes place in specializ<.-d areas called F.R export
domains. These structures arc approximately I to 2 j..Im
in diameter and appear in fluorescent images as dis
persed. punctate structures that are scallered o,-er the
surfuce ofthc ER (Fig. 21-13A). An individual ER export
domain is organized iOlo two zones (Fig. 21-138-C).
One is a region of smooth ER membr.llle studded with
COPII-coatcd buds and uncoated tubules. The other is
a central chlSter of \'esidcs and tubules with thc capac·
ity to detach and traffic to the Golgi apparatus. The ER
me.mbrane is continuous between these two 7.ones until
the "eside-Iubule cluster and itS associated cargo detach
from the ER and mO\'e to the Golgi appaf'dtu,:. as a trans
port int~rmediat~,called \'c:,icular tubularcarrier(VrC)
(Fig. 21-100). Cargo proteins are acti"c1y sorted into ER
cxpon domains through binding of signal motifs within
their cytoplasmic tails to the COpli coat, and/or b)'

later.t1 partitioning into the specialized lipid environ
mcnt of this region. Partitioning is thought to occur
once the transmembrane segments of the cargo proteins
match the thickness of the ER exit site lipid bilaye.r.

The morphologic and biochemicaJ diffen::ntiation of
the ER export domain intO a motile VTC is a multistcp
process orchestf'dted by the sequcntial action of the
Sari, Rabl, and Arfl GTP'J.scs and their effectors (Fig.
21-14). Sari GTPasc initiates ER export domain forma
tion through COPlJ-medi:llcd sorting of specific integral
membrane proteins (including the p24 famil)' protcins
and SNAREs) :lnd the formation of coatcd buds. The
presence of coated buds and specialized cargo in this
region, together with the membrane tension produced
by the C03too buds. leads to changes in biJarer lipid
composition_ This, in turn, promotes partitioning of
other transmembrane proteins into (he ER export
domain. induding proteins with longer·than-avcrage
transmembrane domains that lack COPII recognition
motifs in their cytoplasmic domains. Additional cyto
plasmic proteins are then also recruited to the ER exit
site, including Rabl and p115. which interact with tcth
ering factors (such as GMl30 and gial1lin), SNARE pro
teins, and GBFI (the GEl" for Arfl). Together, these
molecules stimulate the membrane budding and fusion
e"ents that diffeTCnliate the ER export domain and
VTC. The SNARE proteins, for example, :lliow the COPII
coated vcsicles and membr...ne mbules that bud out



flj:lue 21·13 MORPHOLOGY AND OVERAll OlSTRI8UTION OF ENDOPLASMIC RETICUWM EXPORT OOMAIN ANO VUICLE-TU8ULE CARRIER. A, Ugtll mic~
graph showing the distribution of ER export domams and Goigi apparatus within a fibroblast cell. The cell was transfected with cONAs
encoding an ER export domain marker. 5ec31·YFP (red). and Goigi marker. galactosyltransferase--CFP (green). which were labeled with dif
ferent color variants of green fluorescent protein. Note that the ER exit sites are distributed throughout the cytoplasm as punctate struct~res,

whereas the Goigi apparatus is localized In a Juxtanuclear site. B, Electron micrograph of a thin cross section of a typical ER export domam
containing a central vesicle tubule carrier that can detach and traffic to the Golgi apparatus. ER Is green. ER-assoclated·coated buds are
tllue. the VTC is red, arrowheads mark COPI coats. and arrows mark cfathrin-coated vesicles from the plasma membrane. C, Reconstluctlon
from four consecutive serial-thin sections illustrating the three dimensional organization of ER export domain demarcated by tile box.
tA, Adapted from Altan-Bonnet N. Sougrat R. Uu W, et al: Goigi inheritance In mammalian cells Is mediated through endoplasmic reticulum
export activities. Mol Bioi Cell 17:990-1005, 2006. B-C, From Banny1<.h 51. NIshimura N, Balch WE: Getting into the Golgl. Trends Cell
Bioi 8:21-25. 1998.}

from the smooth ER to fuse with themsehres to form a
tubule cluster; GM130 and giantin tether these mem
branes to the cytoskeleton; and Arfl effect'Ors differenti
ate the membrane further by initiating retrieval of
specific proteins back to the ER. Disruplion of the
GTPasc cycle of Sari through expression of a GDP
locked form prevents ER export domain formation,
whereas disruption of the GTPase cycle of Arfl
through expression of a GOP-locked form of Arft or by
BFA tre:ltment-blocks VTC formation (Fig. 21-14). By
blocking membrane delivery into the sccretory pathway,
both tre:ltments also cause the disaPPC:Ir-dnce of the
Golgi apparalus. which depends on continuous mem
brane input to maintain its structure.

Detachmenl of lhe VTC [rom the ER export domain
and irs m:tturatiol1 and delivery 10 the Golgi apparatus
are the next steps in protein trafficking from ER to Golgi
apparatus. "'1ammaUan cells use motors to detach vrCs
from ER export domains and to carry them along micro
tubules toward the Goigi apparatus located near the
microtubule-organizing center (Fig. 21-1). During this
process, Ihe VTC matures by a process that is orches
tr.lIed by Arfl and its effectors. Activated Arfl recruits
dozens of cytoplasmic proteins to vrCs (and to Goigi
membranes). Among these, the COPI coat binds to and
clusters specific proteins, enabling them to be relrie\'cd
back to the ElL Lipid-modifying enzymes such as

•

Flgllre 21-14 TRANSPORT FROM THE ENDOPLASMIC RETICULUM TO TIl(

GOlGI APPARATUS. ER to Golgi transport Is orchestrated by the c;om.

bined activities of many molecules. 5ar~ and Its effectors inillate
COPU-coated bud formation and clustering of cargo at regions called
ER export domains. This induces pUS and Rabl to bind to these
regions, which In tum recruits GBF1. the GEF for Arf!. Subsequent
recruitment of Arf1 and its effectors further differentiates the ER
export c10main Into a VlC, The VlC detaches from the ER and
targets the Golgi apparatus. where It fuses with the cis face of the

Golgl. The cargo In the VTC Is then released fnto the GolgJ and
moves to lhe trans Golgi (where it Will exit from the TGN). expres
sion of a constitutively inactive 5ar1 mutant. 5arllT39NJ, blocM
COPII recruitment, and no ER exit sites form. Expression of an Inac
tive Arf~ mutant. Arf1[T31N], or BFA treatment blocks recruitment
of Arfl effectors, which prevents ER exit sites from differentlatlfl{l
Into VlCs. This causes the shrinkage and disappearance of the
Golgl apparatus because new membrane from the ER cannot be
deliverecl to the Golgl.
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pbosphalid)'linositol kinases and phosphatases create a
lipid ~nvironmcnt that is distinct from that in thc ER
mnnbr.lne, permitting tethering factors and matrix pro
trim to bind to the motile VTC membrane. Ankf")Tin
md spectrin proteins (see Fig. 7-10) form a SC3[fold for
other cytoskeletal proteins, including actin, tubulin,
tt,:IUCti.n. 2nd dyncin. Among these, the dyn2ctin
rompkx (sec: Fig. r·2) mediates d)'nein·dependent c1us
ImfIg of VTCs by movement on microtubules toward
ttfltriolc:s at the center of the cell.

..fter VT'Cs ha\'c clustered by mO\'cmcnt inward aJong
DliCf"Otubules, they undergo fusion with the Goigi appa
r;ttlb. This occurs :u the cis or entry face of the Golgi
apparatus, also called the cis-Goigi network (CGN)
because of its e1abor-.tte tubular appcar-Jm:e. The mem
brane fusion releases cargo proteins and lipidS of the
VTC into the Goigi system for processing by enzymes
that modify lhe cargo's oligosaccllarldc side chains.

Exactly how biosynthetic cargo is thcn tr-Jnsferred
through the Golgi apparatus system has nOI been c1ari
lied experimentally, but three mechanisms are likely to
rotltribute. The first mechanism uses vesicular trans
port to rnlOsfer cargo between the distinct cisternal
drments that make up the Goigi apparatus. Vesicles
derh-rd from one dstemum transfer cargo to a neigh~

boring cistemum. In.a second mechanism, cargo is con
\~ :lCroSS the Goigi syslem by directed maturation
of dstemal elements. A third mechanism invol\-es
diffusion and/Ol'" lateral panitioning of cargo within the
membrane or lumenal sp3ces between interconnected
ristnnal Goigi clements. The contributions of each

To endosomesl
Iysosomes

mech3nism are still unclear and may vary depending on
the cargo being transponed through the Golgi srstem.

Sorting from the
rrans-Golgi Network

After transport through the Golgi srSlc:m, cargo lea\-es
the tm,1S or exit face of the Golgi appar:llus (Fig. 21-15).
The exit region is called the trtms-Goigi network
(TGN) because ofilS tubular network organization. This
org:lOization is characteristic of other sorting compart
ments, such as that of the VTC, the cis Golgi. and sorting
endosomes (see Chapter 22). Depending on the cdl
lype, lhe cargo lhat arrives in the TGN can be distrib
uted, via distinct transport carriers, to severnl different
intr.lcctlul'lr lOCations, including the plasma membranc
or cell exterior, the endosomc/lrsosomal system, or spe
cialized secretory organelles or granules. The intracel
lular route taken by each protein depends on sorting
properties that are encoded in the pol)'pcptide chain.

Constitutive Transport of Cargo to the
Plasma Membrane or Cell Exterior

A stC2dy stream of both proteins 3nd lipids from the
TGN 10 the cell surface occurs COnStitutively through
tubular transport curiers that bud out from the TG
(Fig. 21-16). No known coat proteins function in the
formation of these St'l'uetures. InSle3d, cargo proteins
cOll\'ered to the plasma membrane by these structures

To PM
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"",... 21-15 OIVEROVICE Of" 8JOSYNTHnlC/EllOCTTIC CARGOES AT THE T/lAIItS-GOLOl NETWOAII. A-D. Cargo destined for secretIon or distinct
rttr&Cellular locations is sorted and packaged Into distinct transport carriers. The tubular/vesicular geometry of the TGN plays an Important
role In protein sorting. PM, plasma membrane.
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Fl...... 21·17 SOIlTlNG PATHWAYS USEO BY MANNOSE 6-PHOSPIUTE

REC£PTORS...".O COAT ASSOIBLY AT IllE rRANS-GDl61 NETWORK..... MPRs
carry newly synthesized lysosomal hydrolases containing mannose
6-ptIosphate (M6P) from the TGN. via endosomes. to Iysosomes.
after which they return to the TGN. Receptors missorted to !he

surfacB are recovered by endocytosis and returned to the pattlwa)
in endosomes. B. CoordInation of coat assembly and cargo reaUlt

ment at the TGN. An ~nge factor activates the small GTPIse
Art to bind GTP. which triggers recruitment of API coat constrtuerltS
to the TGN membtane. The MPR is concentrated In the emergq
coated vesicle throUgh Interactions between a tyrOSine-oased
sorting motif In Its cytoplasmic domaIn and the V--subur'IIt of APt.

that directs packaging into carriers as they lea\'c the
TGN destined for endosomes. After MPRs discharge
theire:lrgo. OIhercarriers t"'J.nsfer the uooccupied MPRs
back from the endosome to tbe TGN (Fig. 21-17).

API complexes direct c1athrin coat assembly att~

TGN (Fig. 21-178). They interact directly wilh either
tyrosine-based or dilc:ucine sorting motifs 00 the MPR
receptor tail. Recruitment and assembly of the API
containing d:llhrin coat on the TGN occur througb
direct inte....Ietion with the same small guanosine tn-

Fleur.21.18 FWOtlESCEHCE MICROGRAPHS OF A nsSUE CULTURE CIEll

UP'AESSING A F1.VORESCf:HTlY TAGGED TR...".SMEMBRANE PflOTElN. YSYQ

&FP, EN ROUTE '0 'HE PUSMA MEMBIlAJ4E. The images were collected
O\'ef lime and show long tubules ennc.hed in the labeled protein
(iJrrows) emanating from the Golgi apparatus_ The tubules later
detach from the Golgi and traffic to the plasma membrane. sealf!
biJr Is 5 p.m. (Reproduced from Hirschberg K. Miller eM. Ellenberg
J. et al: Kineue analysis of secretOl'Y protein traffic and characteriza
tion of GoIgI to plasma membrane transport intermediates in IMng
cells. J Cell 8101143:1485-1503. 1998. Copyright 1998 The Rock
efeller UmYersrty Press.)

ha\-c tra.nsmembrane segments that partition into lipid
domains containing sphingolipids and cholesterol.
Activation of Sp(:cific lipid-modifying enzymes such as
phosphatidylino:.itol 4·ldnase in the sphingolipid/
chol~terol-enrichedsorting domain of the TGN then
~sulls in the domains forming tubules that pinch off
the TGN. Because: the tubules han: a higher \'olume-to
surface ratio than small n:sicles, bulk soluble markers
are also carried to the plasma membram: by these struc
tures. lubuk extension is facilitated b}' motors moving
on mierotubulcs and/or by actin filaments, while tubule
se\'ering is Illediated by dynamin-2, a GTPase localized
in TGN. In mammalian cells, motor proteins such as
kinesins mo\'c the constitutivc membrane carriers
outw:ln:1 from the Goigi apparatlls along microtubules.
Fusion of the carriers with the plasma membf".me
releases cargo within the lumen of the carrier vesicle
into the cxtf"J.ccllular space. After fusion, membranc
lipidS and proteins redistribulc laterally by diffusion in
the plane of the plasma membrane.

Proteins that arc sorted into lhe endosome/lysosomal
system (Fig. 21-17) include a large and diverse class of
hydrolytic enzymes contained within I)'sosornes, the
digestive center:; of the cell (:.ee Chapter 23). Newly
synthcsizL-d hydrolytic enz)'mes are prevented from
entering constituth'c tubular carriers destined for the
plasma membrane by their binding to mannose-6
phosphate receptors (M.PRs IFig. 21~17AD. MPRs are
integral membrane proteins with a single transmem
brane domain. The luminal domain binds individual
prohydrolase molecules that ha\"e been modified with
mannose-6-phosphatt: (JloI6p), whereas the cytoplasmic
domain encodes sorting motifs that intera.ct with the
c1athrin/adapter sorting machinery (sec Chapter 22)

Sorting to the Endosome/
Lysosomal System



phosphate (GTPase) Arfl that also triggers COPI assem
bly (Fig. 21-6). The assembly of the cl:nhrin-API coat
drives receptor clustering and budding off the TGN
membr.tne of c1athrin-coated transport vesicles. Several
lyMlsomal membr.lIlc proteins are also sorted into these
c1athrin-co:ued \'csicles by virtue of tyrosine·based
sorting motifs on the cytoplasmic domains of the mem
brane protein. Afrer budding off the TG in dathrin
API-coatcd \"csicles. both lysosomal h)'drolases and
IrsosomaJ membr.tnc proteins arc delhrered to lySQ
somes by wa}' of cndosomal intermediatcs.

Secretory Granule FormatJon
and Transport

An additional sorting pathway from the TGN occurs in
specialized endocrine. exocrine, or neuronal cells that
concentrate and package selected proteins in storage
granules for e\"emual mobili7;lLion and discharge from
the cell in response to hormonal or neural stimulation.
This is the so-callt."d regulat<.-d secretory palbway
(Fig. 21-18). whtc.h is used fOr discharging most of the
lxxIy's polypeptide hormones. enzymes used in the
digcsLi\'C tract, and man}"other products th:n are needed
intennittcmlr rather than continuously.

Our mechanistic understanding of secretorr granule
formation and sorting proce..~s is hindered by the
apparent lack of a unh'crsal sorting signal on proteins
lhat are destined fOr inclusion into regulated secretory
grdnules. Instead. s('cretory granule form:nion appears
to invoh'e phySical sorting, selecth"e retention. and con
densation (Fig. 21-19). Condensation of luminal content
during secretory granule biogenesis involves ch:lrge
neutralization. protein aggreg:ltion and active extrusion
of ions.

In some.: cells that produce :md store peptide hor
mones. aggregation involves only scJcct.cd products of
proteolytic proccssing of hormonc prccursors. for
example. production of insulin reqUires proreolytic
enzymcs in immature granules that cleave proinsulin at
t\Vo sites, gcncr:tLin).: insulin and C-pcplide. Insulin con
denses wilh zinc ion in the gr:mule core, whereas C
peptide is excluded :md so accumulates around this
core. As a consequence, more C-peptide is shed into
unstimulatcd St..-cretory pathways that originate from
the immature gr.&nule. Ver)' tight regulation of insulin
secrelion is important for controlling the glucose

AfIre 21-18 FOfIMAflOfI OF S£CRlTOfIY QRANUUS. Transmission elec1ton micrograph of a thIn section (A) and a diagram (8) show immature
setmDry granules (ISG) as they emerge from the TGN. Much of tl1e TGN surface is consumed by formIng IlTVT'Iature secretory granules. C-D,
ClyoeIectron mtCrographs of frozen sectJons reacted WIth goId-tabeled antibodIes to prolnsuhn (e) or insulin (D). Proinsulin is concentrated
1'1 fN'naWre secretory granules. After processmg. Insulin is concentrated m mature, dense-core secretory granules (mSG). (A. Counesy of
J, Clermont. McGill Unrvet'$ity but by permisSIOn of Wiley-LJss. Inc. B. RedraWTl from Clermont V. RamboUrg A. Hermo l: Trans-Goigi network
(TGHI of dillerent cell types: Three-dlmenslOflal structural characteristics and variability. Anat Rae 242:289-301. 1995. Copyright 0 1995.
Ilepnnted WIth permissIOn of Wiley-Uss. Inc•• a subSidiary of John Wiley & Sons. Inc_ C-D. Counesy of L Ofci. UniverSity of Geneva.""""_.)
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A,",.21-20 FUJORESCIENCE MICROGRAPHS SHOW TME RUTlIlC1'lllIl Of

PROT£INS TO TME APICAL OR 8ASOUTERAL COMPARTMENTS OF COUJIMM
EPITHEUAL CELLS. Tight junctions (marked with red ftuorescenc.e "
both A and B) seal the boundary between these domainS. A, E
cadherin (green) is restricted to the apical plasma membrane
B, Syntaxin·3 (green) Is restrIcted to the basolateral surface, tel
nuclei are stained red. (Counesy of T. Weimbs and S. H. lIM,
Cleveland Cllnic Foundation, Ohio.)

T'""""'"
'" PM

Recycled 10 TGN
or delivered to
tyrooom"

Decreasing pH and
introducing zn
precipitate secrelory
proteins

A...,. 21-1' MATURAnON OF HAKon Sl:CR£TORY GRANut..ES/CON
00l51NG VACUOl£5. The vacuolar W·ATPase in the secretory granule
(SG) membrane lowers the internal pH. This drives condensatlon
and conc:entratiOl1 of the contents, Dense-core, mature secretory
granules are stored in the cytoplasm until a Col'_mediated signaling
eYent triggers fusion and release of their contents. Proteins inad·
vertently included in targe. immatlJfe secretory granules emerging
from the TGN are captured by clathnn-coated vesicles and ~Ied
to endosomes aod the TGN, PM, plasma membrane.

concentration in thl;: hlood plasma, This regulation is
compromiS<.'"d in cenain forms of diabetes.

involves delivery of newly synthesized proteins 10 the
basolatcrnl surface, followed by selective inlem.tliza.
tion. sorting in the endosomal compartment, and de
Ih'Cry to the apical surface in a process tenned tnmo

cytosis. Most epithelial cells usc different combuutiom
of thoe three mechanisms to generate and maintain cd
polarity.

Direct targeting uses basolateral targeting sigrutls in

the cytoplasmic domains of proteins to SOrt t~ m0l

ecules during secretory transport or during endoC}"l~

cBA

AP,.21·21 Three pathways for the distribution of integral
brane prOlems destmed for either the aptCal (a [rodIJ Of ba
(bllbWel) membranes of polarized epjthehal cells. A, Direct
from the TGN to either the apk:at or basolateral surface. Apr.
transport involves Incluslon into lipid rafts, whereas proteInS Gel

lined for direct l1lInsport to the basolateral surface carry. C)

JHasmic sorting motif for Inclusion Into specIfic transport
B, Indirect pathway. Newly synthesized proteins are raodor!II) t.

pted to both surfaces followed by selective retention and/or 5elec
tlYe degradation from one surface or the other, resulllrW In I
polarized distribution. C, Indirect pathway. Newly synthesiled pr0

teins are transported to the basolateral surface, followed by reten
tion of basolateral proteins and selective transcytoSIS of apical

proteins to the apical surface.

Trafficking to the Plasma Membrane
In Polarized Cells

In contrdst to nonpolarizcd cells, polarized cdls havc
functionally (and thus compositionally) distinct apical
and hasolateral domains scp:trmed by tight junctions
that cement neighboring cells together and prevent
diffusion between the domains (Fig. 21-20). Most of
our knowledge of mcmbr:mc sorting in polariZL'd cells
has come from studying epithelial cells. As expected,
the trafficking complexity increases as destination
options increase. and three distinct mechanisms for
the polarized sorting of plasma membr2ne proteins
ha"e been reYealed(Fig. 21-21). One mechanism im"Olves
selective packaging of apically or b2s0larerally destined
proteins into distinct carrier ,·csicles at the TGN for
delh"ery to the appropriate surface. A second mecha·
nism iO\"OI\·cs the random delivery of newly synthesi7.ed
proteins to both surfaces, followed by selective retcn
tion or depiction so that, at slcady state, they become
differentially abundant because the)' are more stablc at
one surface than at the other, A third mechanism



D. Fusion

The Goigi Apparatus: Function,
Structure, and Dynamics

The Golgi :lppar:ltliS (Fig. 21-23) performs three primary
functions within the seerelDr}' membrane system. First.

nate t-SNAREs (members of the syntaxin, SNAP. and
Seclp familie~). Secretory granules carry additional
regulatory factors that are superimposed on this cansti
tuth'e machinery for docking and fusion. This ensures
thai fusion t2ko. place ool}'on demand_ Regulated fusion
has been ~tudicd c.xtcosh'el) in the context of synaptiC
"eside rele~. in endocrine cells. and in mast cells. In
all case~. regulated secretion can be divided into three
steps: docking. priming. and fusion (Fig. 21-22). Dock.ing
is the slowest step and is belie"cd to in\'ol\'e interactions
of v·SNARE and t·SNAREs regulated by Rab GTPascs. In
vitro reconstitution studies have suggesled :I role for a
phosphatidylinositol transfer protein, a phosphatidylino,
silol S·kinase, and phosphatidylinosiloI4,S-bisphosphate
(PIPz, the product of PI-5 kinasc), in priming steps
required for rcgllialedsecrclion in ncuroendocrine cells.
A cytoplasmic protein. CAllS (c:llcium aCti\'aLOr prOtein
for secretion), is recruited to the secretory vesicle "ia
interactions with PIPz and is required for calcium
triggered fUSion of dense core secretor}' granules. In
most cases, fusion is triggered by an influx of Ca!', a
process C'J.lIed calclllm-secreti01J cOllpling. Synaptotag
mins. part ofa family of transmembrane vesicle proteins
that also bind olcium and interact with the fusion
machine'1'. are belie"oo to act a~ damps. inhibiting
fusion until olcium triggers their reJC:be.

Dive~signals lead to the calcium in nux that triggers
fusion. These include ligand acti\':Ition of G'protcin
CQupled receptors on neuroendocrine cells. acri'':Ition
of immunoglobulin E receplDrs and kinase cascades in
mast cells (see Fig. 28-5). and membrane depolarization
in neurons (see Figs. 11-8 and 11-9).

C. Ca sensors
CAPS. synaptOlagrTWI

B. ATP-dependent priming
NSF PITP, PIS kinase,

PtP2, munct3

A. Tetherlngldocking

Regulated Fusion with the
Plasma Membrane

AU transport carriers leaVing the TGN comain com~

ponentS of the vesicle targeting :md fusion machinery
(Lt" ,'-SNAREs. members of lhe synaptobrcvin/VAMP
famil}'. Rab proteins) required to direct their fusion
".-ith thl:': appropriate target organelle cOlltaining cog-

tJo, reqding the proteins from endosomcs back to the
appropriate membrane domain. Examples include re
ttptors for 10w.<Jcnsily lipoprotein, transferrin, MPRs,
and polymeric immunoglobulin receptor. Altemati,'ely.

targeting occurs by lateral panitioning of pro
ltins into sphingomyelin- and cholesterol-rich subdo
nwns (Cllled lipid r.lfts) (sec Fig. ---) formed in the
TG\ or 2t the plasma membrane. GPI·anchored proteins
or other integral membrane proteins that directly asso
eu.te: with these lipid rafts based on ph}'siol propenies
oCtheir tr:m~membrane domains arc selt."cth'e!y targeted
to the apical surface. The unique physical propenics of

lipid subdomains render them resistant to deter
~t solubilization.

The ~cond SOrting mechanism-random delivery
(ollowed by se1eCt'h'e rearrangemeills-is panicularly
rek.";ant to establishing polarity during cdlul:lr differen
tiltian In this case, uniformly distributed proteins that
JlIttxist on a non polarized cell will redistribute them
~Ives in a polarized fashion in response 10 cell-cell con
UCtS that iniliate polarization. Often, this occurs by the

i"e: retention of:l specific protein at the appropriate
macr through intracellular (cytoskeletal) or extracellu
br(ceU-cell or cell·matrix) interactions, or both, Proteins
Wt art not :aCtivelr retained on the other cell surface
2tt intem:alized and degraded in Iysosomes. Examples
<i ptOle1ns that arc polarized in this wa} include
\1-K' ·ATPase and the cell adhesion molecule U\'omoru
00.111 immunoglobulin-like cell adhesion molecule.

..... 21·22 Four terminal steps (A-D) in Ca2•-triggered membrane fusion during regulated secretion. Docking/tethering and fuston are
t1catly Similar to other veSICle fusion evenLS (FIg. 21-15). AOditional steps prepare proteins on both the secretory vesicles

" plasma membrane to respond rapidly to Ca~' innux. which triggers fusion. CAPS, calCium activator protein for secretion; munc 13.
1'I\iI'I'II'I\l1ian homolog for Caenorhabdilis elegans UNC13 (unknown function. critical for Ca2' -triggered fusion of primary vesicles): NSF. NEM·
se!'l5ltJve factor: PTP. phosphatidylinosilol transfer protein.



Fig",. 21-23 lOCAliZATION AND MORPHOLOGY OF THE GOlG. APPARAruS IN ANIMAL CELLS. A, ImmunoMuorescent micrograph of a rat fibroblast
stained with antibodies to galactosylltansferase (a Golgi enzyme) (red) and antibodies to tubulin (green). The Goigi typically extends as I
ribbon-like structure around the microtubule organizing center. which is localized to one side of the nucleus. B, Electron micrograph of II
rat epithelial cell showing a single Goigi stack of cisternae cut transversely. The cis and trans faces of the Goigi are at opposite ends 01
the stack, with the TGN extending off from the trans face. The compact zones are the stacked regions of the Golgl. whereas the noncom
pact zones are tubular-vesicular regions of the Golgi thaI interconnect stacks and participate in membrane trafficking through the~
apparatus. (Courtesy of J. Lippincott-Schwartz and Rachid Sougrat, National Institutes of Health. Bethesda. Maryland. Reprinted from la&1
K. Smith CL. POlishchuk RS, et al: Golgi membranes are absorbed Into and reemerge from the ER during mitosis. Cell 99:589-601, 1999.
Copyright 1999, with permission from Elsevier.)

it act's as a carbohydrate factory in which glyco
proteins, polysaccharides (in plants) and proteoglycans
received from the ER are further processed. Such pro
cessing permits these molecules to participate in numer
ous specialized biological functions at the cell surface.
Second, the Golgi apparatus functions as a protein
sorting station for the delivery of proteins to many
different destinalions within the cell. This includes
transport to the plasma membrane, secretion to the cell
exterior, sorting to tbe endosome/lysosomal system, or
retrieval back to the ER. Third, the Golgi apparatus
serves as the site where sphingomyelin and glyco
sphingolipids arc synthesized within the cell. These
lipids are capable of packing tiglllly in the membrane,
which causes the bilayer 10 thicken and be less perme
able to water-soluble molecules (Fig. 21-3). Affinity of
these lipids for each other when cholesterol is present
furthermore results in the formation of discrete mem
brane mkrodomains called lipid rafts that can concen
trate or exclude specific membrane proteins. Such
domains can serve as platforms for the association of
diverse signaling molecules and can initiate the form;l'
tion of transport carriers that bud out from the Golgi
apparatus.

Golgi Morphology and Dynamics

The Golgi apparatus in many animal cells appears as a
ribbon-like structure adjacent to the nucleus and dose

to centrosomes, which are the microtubule organizing
centers of the cdl (Fig. 21-23A). In electron microscope
images, the Goigi apparatus exhibits a distinctive mor
phology consisting of a series of Slacked, nattcned.
membrane-enclosed cisternae that resemble a stack of
pancakes (Fig. 21-238). Cross-linking of cisternae hj
Golgi-associated tethering f:lctors results in their tight.
parallel alignment within the stack. Thbules and "esides
al the rims of the stacks interconnect the stacks into a
single ribbon-like structufC by a process dependent on
microtubulcs. U microtubulcs arc experimemally depo
lymerizcd, the ribbon-like Golgi structure reorganiZes
into single stacks (i.e., fragments) found at ER exit sites
(Fig. 21-24). This distribution resembles the distribution
of Golgi stacks in plant cells. There, hundreds of single
stacks arc localized adjacent to ER exit sites rather than
being joined together :tS a single ribbon.

The stacks ofGolgi cisternae in animal and pl;tnt eells
all exhibit a cis to trans polarity that reflects the paSS<lgl.'
of cargo througb this organelle. As was mentiont'd
before, proteins from the ER enter at the stack's cis face
(entry face). After passing through the cisternae ill the
middle of the stack, cargo then leaves the Golgi at tht
tnUls face, which is at the opposite end of the stack.
Membrane sorting and tr:lnSfX}rt activities of the Golgi
are thought to be especially high at the cis and /ran.s
faces and within the tubular-vesicular clements (non·
compact zone) thaI interconnect the stacks (Fig.
21·23U).
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B. Relocallzation of Goigi
apparatus in absence
of microtubules

vuious pathways. No class of Goigi protein is stably
assoclatc=d within this organelle. 100cgrni membrane
proteins associated with the Goigi apparatus. including
processing enzrmes and SNAREs. continuously exit and
reenter the Goigi apparatus by membrane-trAfficking
pathW2)'s leading to aDd from the ER. Peripheral mem
brJ.nc proteins associated with the Goigi apparatus
(including Am, coatomer. Rab proleins, matrix pro
leins. tethering factors, and GEI;s) exch::mge constantly
between Golgl membranes and cytoplasmic pools.
Newly synthesized secretory cargo coming from the ER
enters Ihe Goigi apparatus on the cis face of the stack,
lraverses acrO~3 the stack, and then leaves from the
tram; face.

I

A.. MlcrotubullHtependent
localization of
Goigi apparatus

1br size. the appear::mce, and ("'cn the existence of
thr Galgl apparatus depend on the amounI and speed
ctargo movement through the secrelof1' pathway. The
,t2SI Saccharomyces cerevisillt!. for example. has a
poorty de\-eloped Goigi apparatus because secretof1'
tr2nSpOn is normally too fast for elaborate Golgi struc
tuttS 10 accumulate. However, conditions that slow
cargo Innsport out of the Goigi appar.Hus in these cells
lad to the Goigi apparntus enlarging and rearranging
inIocompact stacks similar to those seen in most anjmal
and plant cells.

The Goigi apparJ.tus is a continuously renewed organ
die r:l\her than :L permanent cellular structure because
hoIh its proteins and lipids move continuously along

"Curti 21-24 EFFECT OF MICROTUBUU DISRUPTION ON THE OISTRIBUTION OF THE OOlO, APPARATUS. A, Mlerofubules radiating out from the een
\f104e (red barrels) with their plus ends at the eell periphery help loealize the Goigi apparatus In many animal cells by serving as tracks for
the Inward movement of membrane-bound carriers (VTe) derived from the ER. The carriers deliver secretory cargo. as well as Goigi enzymes.
to tne Go!gl apparatus. Retrograde transport of Golgi enzymes baek to the ER Is not depelldent on mlcrotubules (since the ER is widely
lII:stnb\Jted throughout the cytoplasm). Because of this. when mlcrotubules ale disassembled {Bl, the Goigi apparatus relorms at sites

t to ER eJl.port domains. owing to the accumulation of cycling Goigi enzymes at these sites.



The transient and dynamic association of mole
cules with the Goigi apparatus makes this organelle
sensith'e to malfunctions of many ceUular systems. A.:.
mentioned before, experimental depolymcriz:uion of
microtubulcs causes the pericentriolar Golgi apparatus
ofa mammalian cell to become relocated adj3ccnt to ER
export domains (Fig. 21-248). This occurs because Goigi
enzrmes that are undergoing continuous recycling back
to the ER onnm return to the periceDtriolar region in
the absence of microlUbule.:.. Instead, they accumulate
together with Golgi 1>C1ffolding, tethering, and struc
tural coat prott:ins :It ER export domains. Given hun
dreds of ER export domains scattered across the ER,
hundreds of distinct Golgi clements appear within the
cell upon microtubule dcpolymerization.

A more dr.lmatic eX:lluple of the sensitivity of the
Golgi appar.ttus 10 membrane trafficking perlurlxuiOIlS
is the Golgi's response 10 the drug BFA (brcfcldin A).
BFA pre"ents Arfl from exchanging GTP for GOP (Fig.
21-6D) and thcreby prevent.:. the membr,me recruit
ment of cytoplasmic Arfl effectors. Within minutes of
BFA treatment, resident transmembrane proteins of the
Goigi an: recrcled to the ER where they arc retained.
and the Goigi apparatus '':I.nish~.On BFA washout, the
Golgi apparatus reform.:. by outgrowth of membr.tne
from the ER...

The Goigi apparatus disassembles dUring mitosis in
many eukaryotic cells and then reassembles in inter
phase (Fig. 21-2;). This process superficially resembles
the dfects of BFA and BFA washoUl, since many Golgi
enzymes remrn to the ER or to ER export sites during
mitosis and reemerge from the ER at the end of mitosis.
Furthcrmore. Arfl is inactivatcd during mitOsis.
However, mitOlic cells abo inactivate mitotic kinases
(see Chaptcr 40) th:u phosphorylate tcthering factors
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Ap,. 21-25 mU-lAPSl lMAG11'tG Of' ... CElL EXN£5S1IfC ... FlUORE5

COITl.1" TI£&ED GOUlI ENZYME. QAlACTOSY1.TRAHSFULUE-GFP, ntU IS

PROGRESSING THROUGH MrT05a. AS the cell In the left of the image

passes through prophase and metaphase, Its GoIgl membranes
fragment and then disperse. During cytokinesis. the Golg, memo
branes reappear as fragments. These fragments then coalesce
Into a juxtanuclear Goigi ribbon at the end of mitosis. (From Zaal
K. Smith CL. Polishchuk RS, et at: Golgi membranes are absorbed
Into an<! reemerge from the ER during mitosis. Cell 99:589-601.
1999.)

and other matrix proteins of the Golgi appar;ltus ThU
has led to a competing explanation for Golgi dis:assnn
bly during mitosis in which the Goigi undergoes a dlt'tCl
breakdown imo sm3..l1 vesicles and fragments \\ilhoo:
being :Absorbed imo thc ER.

Although the Goigi apparatus is highl}' drnamic and
continually exchanges its protein and lipid componmu
with other cellular compartments, it maintains a umqur
biochemiol and morphologic identity. This 01110\\) thl:
Golgi :tppar.l1u.l> 10 participate in St:'"cral ma;or bios}n
thetic and proce~ing pathways in the cell, as is dis
cussed in the neXf section.

GOlgi-Speclfic Processing Activities

Glycoprotein and Glycolipid Processing

l\..luch of the organization and spccialization of the GoIgi

apparatus is directed toward achie"ing the correct gty
cosylation (I.e., sugar modification) of proteins and
lipids. The sugar-modified molecules, oiled glrcopro
teins and glycoliplds, constitute the majority of cdl
surface and extracellular proteins and lipids. and par.
ticip:ue in numerous biological functions. indudin,.
cdl-cell and cell-matrix interactions. intr:tcellular and
intercellular trafficking, and signaling.

The most widely recognized glrcosrlation ("l-rot

occurring within the Golgi invoh'es the modificaliond.
N-linkcd oligosaccharides on g1rcoproteins (Fig. 21-261
These Nlinked sugar chains are add<.-d as prdormrd
complexes (consisting of 14 sugar residues) to aspa~

gine side chains of the protein in the ER. FoIlowu'lg
deliyery to the Golgi, the N-linked sugar chains of til(

glycoprou:in undergo extensive further modificaliom
in an ordered sequence. The first modification is IhI:
removal of Ill:lllnosc residucs. This is followed by lht
sequential addition of N-:lcetylglucosamillc, the further
rcmoval of mannoscs, the addition of fucose :l.nd more
N-acetylglucosamine. and the final addition of galacto5C:
and sialic add residues. Cdl biologists have used ttJ( \".
linked glrcan-processing steps that take place in the
mammalian Golgi apparatus as experimenta.l signporu
for the passage of glrcoproteins through the secret~

pathway.
Manr oligosaccharides an:: funher chemicdlr rJlOdi.

tied after growing by simple addition of monos:accturidc'
units. Enzymes add substituents such as phosplwt
.sulfalc. acetate or methrl groups or isomerize specific
orbons. These modifiotions as well as differential pr0

cessing of N-Iinked 0ligosacch3ride StruCtures (produc·
ing high-man nose type. complc..'l: type, and h~'brid

structures) c.:ontribute to the dil-ersity of sugar reskluo
exposed at the cell surface and on impart specific func·
tions to the sugar chains.

More th:1O 200 Golgi cnzymes participate in the biQ.
!!o'Ynthesis of glycoproteins and glycolipids. EnzrmtS
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Ficure 2.1·28 PROCESSING Of" ".

UNKED CORE OUOOSACCKARIO£S I1l

TtlE GOlGl APPIUlATUS. A-f, Sequen
tial steps lorn the mannose
(Manl/glucose (Glcl core and
then add N-acetylglucosamlne
(GlcNAc). galactose (Gal). arK!
sialic acid (NANA) to form a vanety
of complell ol1gosaccharides, one
of which Is shown here. ASN.
asparagines.

Proteolytic Processing of
Protein Precursors

A number of proteins, paniculari)' peptide honnones.
are cleaved into active fragments in the Goigi apparatus
and its secretory vesicles. Such protein~ are s}'nthesizcd
as large precursors with one or morc small hormones
cmbedded in long polypeptides. One example is a yeast
m:lling pheromone. Another is pro-opiomelanocortin,
Ihc precursor to no lcss tlmn six small pepHde
hormones. Proteol)'lic enzymes called probormone
con"ertases c1ca\'e the precursor proteins ioro acth'c
hormones in the TGN and post-TGN transport intcr
nu.-diatcs. The mixture of products depends on the

Enzymes in the Golgi apparatus also mark specific
proteins for transport to Irsosomes by phosphorylation
of the 6-hrdroxyl of mannose. This modificaHon, as was
mentioned before. is the sorting signal that enables lyso
somal enzymes to interact with Mf>Rs in the trans Goigi
for targeling 10 Iysosomes. The N-Iinked oligosaccha
rides on these enzymes are initially proccssed within
lhe ER by trimming of glucose and man nose residues.
However. on lransporl to lhe Golgi, they become the
unique substrates for two enzymes that act sequentially
10 generate terminal mannose 6-phosphatcs. which are
the I)'sosomal targeting signal. I-Iuman patients with the
fatal disease lllucolipidosis II (cJ.lled I·cell disease) fail
to phosphorylate the mannose residues required for tar
geting to Iysasomcs (sec Ch::apter 23). As a result, the
lysosomal enzymes are secreted from Ihe cell. and Iyso-
sanK'S fail to dcgT:1de "'~""te m:uerials. Lysosomes
become engorged with undigestcd sub~tr.ues, leading
to f::atal ceU and tissue abnormalities.

Enzymes in thc Golgi stacks further load noncova
lentil' associated cholesterol and phospholipids OOlO
high-densiry and low-density lipoproteins for secre·
tion by livcr cells imo the blood. Golgi enzymcs are also
invoh'cd in thc s)'nthesis of complex poly~accharidesin
plant cells, which are an important constituent of the
pl::ant cell wall.
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a1kd glycosyltransfc.-a.ses add specific sug:ar residues
10 g~Ulns. while enzymes called glycoslda.ses remm'e
o;ptCilic sug:ar residues. All of these enzymes are rype II
tnnSmembrane proteins with a shon cytoplasmic amino
ImTlin:1.1 domain followt:d by a transmembrJ.ne segment
md cU:t1ytic domain within the Golgi lumen. Additional
con~lituents involved In Golgi oligoS:lccharide process
ing include transporters, donor sugar-nucleOlides, am.!
prrophosphatases.

Transporters first transfer sugar-nucleotide donors
llI2de in the cytoplasm into the lumen of the Golgi
app;tI':lIUS (see Chapter 9). They function as antiporters
('Itt Fig. 9-4), exchanging nucleotide sug:ars (such as
ll)p-S-acct)"lglucosamine. UDP-galactosc::. and CMP-N
amylneuramic acid) for nucleoside monophosphatcs
~ dUring glrcosyl transfer. Glycosyltransferases
thrn U5C: the high-energy sugar-nucleotides as substT:1tes
10 add new sugars to an oligosacch::aride chain. Most
drcosrltr.msferases are specific for sugar'nucleotide
OOnors :md particular oligosaccharide acceptors. but
lhe oligosaccharides are synthesizcd without a tem
plate, so they V'J.r}' more than polypeplides and poly
nudootides, which arc synthesized on templates. Finally,
~}'COSidases trim sugars from the branched core oligo
saccharides prior to addition of other sug:ars. The}'
IllChxk mannosidase I and II, which clip OUler-branch
IlWlno:.e residues on N-Iinked oligosaccharid~ prior 10
the :addition of N-acet)'lglueosamine.
~ Golgi enzrmes also add oligosaccharides to the

~l1roXll groups of serine and threonine residues of
'ltkcIed protcins. such as proteoglycans. heavily glr
~Iated proteins in secretory granules, and the extra
cdlular matrix (see Figs. 29-13 and 29-14). This process,
011«1 O-Iinked glycosylation, begins with the addi
lion of one of three short oligosaccharidcs to selectcd
strine and thrconine rcsidues of a protcoglycan core
protein. Glrcosyltransferases in the Goigi then add many
t'OplC5 of the same:: disaccharide unit to the growing
poIl~charide. Other enzymes then add sulfates to a
h of the sug:ar residues before the molecule exits the
GoIgi s,-stem.



prohormone convertases expressed in particular cells.
Proteolysis in Ihe Golgi also affects Ihe final folding SI:lte
and activity of man)' other proleins. Inherited defeclS
in these processing p:lthways lead 10 a number of dis
(:ase:lo, including hormone insufficiency and a hereditary
amyloid disease.

Upid Biosynthesis and Metabolism

Another Golgi-spccific processing activily is th~

srnthesis of sphingolipids. Sphingolipids, including
sphingomyelin (S:\1) and the glycosphingolipids
glucosylcenmidc and galactosykeramide. pia)' central
roles in mcmbnne sorting within the Golgi apparatus
:IS well a:. soning within post·Golgi companmenls. As
was descrilx.'d e:arlier, these lipids have affinity for cho
lesterol. act as donors of intermolecular hydrogen bonds,
and have :loalunted lipid chains. ~ulting in the denser
packing of Iht.'S(." lipids compared to glrceropbospholip
ids. When densely packed. the sphingolipids and cho
lesterol form long c)"linders thai euse an increase in
the:: Ihickness of the biI3)-er relati\-e:: to a bil3)"er contain
ing glycerophospholipids alone (e.g.. ER (Fig. 21-3)). An
enrichmcnI of sphingolipids and choleslerol along the
secretory pathway from Goigi to plasma membnne
results in an increased thickness of the membr.mes
along this roUte relath'e to the ER. This pial'S :I vita] role
within the secretory system bec-.tuse of a protein·s ten·
dency to match the length of its t.ra.nsmembr.me domain
wilh Ih:1I of the lipid bilayer.

The backbone of all sphingolipids. ceramide (see
Chapter 20), is SrntheSized in the ER and then tr.tns
ported 10 Ihe Goigi complex, where it is modified to

form glucosrlccramide and sphingomyelin. Glucosylce
ramide synthesis is c:lt:llyzed on the cyloplasmic surfact:
of Galgi membranes by Ihc cnzyme UDP-glucose:
cer:lmide gilicosyltransfcrase. Glucosylceramide can
Ihen be tr:msponed to the pl:tsma membrane or trans
located to the luminallc:lf1el ofGolgi membranes. where
gal:tctoS)'I:llion of Ihe head group results in the forma
lion of I:lclosylceramide. Sequential gl)'cosylation of lac·
IOsylceramide by gl)'cosyltransferases of the Goigi lumen
gener.ttes complex glycolipids and g:mgliosides for Ihe
plasma membrane.

Sphingomyelin synthesis is calalyzed by sphingom)'
elin-symha:loe. an cllzyme on the luminallt,'aflet of Golgi
membr.tncs. The enzrme transfers phosphorylcholine
from phosph:nidrlcholine to ceramide. releasing the sig
naling lipid diacylglycerol (DAG) in the process. This
mechanism therefore couples consumption of Ihe sig
naling lipid ceramide (see Fig. 26-11) with the produc
tion of the signaling lipid DAG (see Fig. 26-8). If DAG
accumulales in the Goigi apparatus. phosphorylcholine
can be tnnsfcrred from sphingomyelin back to D,\G.
forming phosph:nidylcholine and ceramide. Alterna
Ih·cly. DAG can be digested by lipases.

GI)'cosphingolipid microdomains, or rafts, alt
thought to form spolll:lneolisly by laterallipid-lipidaOOo
ciations in the luminal leaflet of Golgi m('mbr:tfl('~

GI>I-anchored proteins (sec Fig. 7-7). doublr 2C}"lalcd
proteins. and many transmembrane proteins phrsical~

partitiOn inlO these microdomains and art: thttcb)
enriched in lipid Slructures Ihat sorl preferenti:lIlr 10

the plasma membrane. The ability of the Goigi :lpp:tf"a<

IUS 10 drh'c glycosphingoLipid synthesis therefort coo
tributc:lo 10 its function as a sorting station.
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